Parkinson's disease (PD) has a number of known genetic risk factors. Clinical and epidemiological studies have suggested the existence of intermediate factors that may be associated with additional risk of PD. We construct genetic risk profiles for additional epidemiological and clinical factors using known genome-wide association studies (GWAS) loci related to these specific phenotypes to estimate genetic comorbidity in a systematic review. We identify genetic risk profiles based on GWAS variants associated with schizophrenia and Crohn's disease as significantly associated with risk of PD. Conditional analyses adjusting for SNPs near loci associated with PD and schizophrenia or PD and Crohn's disease suggest that spatially overlapping loci associated with schizophrenia and PD account for most of the shared comorbidity, while variation outside of known proximal loci shared by PD and Crohn's disease accounts for their shared genetic comorbidity. We examine brain methylation and expression signatures proximal to schizophrenia and Crohn's disease loci to infer functional changes in the brain associated with the variants contributing to genetic comorbidity. We compare our results with a systematic review of epidemiological literature, while the findings are dissimilar to a degree; marginal genetic associations corroborate the directionality of associations across genetic and epidemiological data. We show a strong genetically defined level of comorbidity between PD and Crohn's disease as well as between PD and schizophrenia, with likely functional consequences of associated variants occurring in brain.
Parkinson's disease (PD) has a number of known genetic risk factors. Clinical and epidemiological studies have suggested the existence of intermediate factors that may be associated with additional risk of PD. We construct genetic risk profiles for additional epidemiological and clinical factors using known genome-wide association studies (GWAS) loci related to these specific phenotypes to estimate genetic comorbidity in a systematic review. We identify genetic risk profiles based on GWAS variants associated with schizophrenia and Crohn's disease as significantly associated with risk of PD. Conditional analyses adjusting for SNPs near loci associated with PD and schizophrenia or PD and Crohn's disease suggest that spatially overlapping loci associated with schizophrenia and PD account for most of the shared comorbidity, while variation outside of known proximal loci shared by PD and Crohn's disease accounts for their shared genetic comorbidity. We examine brain methylation and expression signatures proximal to schizophrenia and Crohn's disease loci to infer functional changes in the brain associated with the variants contributing to genetic comorbidity. We compare our results with a systematic review of epidemiological literature, while the findings are dissimilar to a degree; marginal genetic associations corroborate the directionality of associations across genetic and epidemiological data. We show a strong genetically defined level of comorbidity between PD and Crohn's disease as well as between PD and schizophrenia, with likely functional consequences of associated variants occurring in brain.
INTRODUCTION
Parkinson's disease (PD) is recognized to be associated with a number of genetic susceptibility factors, including variability at the loci SNCA, LRRK2, MAPT, BST1, GAK, HLA-DR, ACMSD, STK39, MCCC1/LAMP3, SYT11, CCDC62/HIP1R, PARK16/ 1q32, STX1B/16p11, FGF20/8p22, STBD1/4q21, GPNMB/7p15, among others, which have been identified in genome-wide association studies (GWAS). It is likely that other additional genetic risk factors also contribute. PD has been reported to be associated with a number of clinical comorbidities and altered laboratory values, such as affective disorders and serum urate levels. Several of these have themselves been associated with genetic susceptibility factors, for which information is available from the NHGRI GWAS catalog (http://www.genome.gov/26525384, (1) ).
This offers the opportunity to examine genetic risk profiles associated with these clinical phenotypes as risk factors for PD. Genetic risk profiles may be thought of as the cumulative genetic load of risk alleles related to a particular disease or trait, explaining more of the attributable genetic risk associated with this disorder than a single SNP itself. While many epidemiological studies examine associations between intermediate phenotypes and a specific outcome, in this study we sought to examine how the genetic risk profiles associated with these intermediate phenotypes may be associated with PD risk themselves. We sought to identify genetic comorbidities of PD by testing associations with genetic risk profiles previously associated with intermediate phenotypes of interest. Any disease or trait with a significant risk profile score associated with PD essentially would share some genetic factors in common.
In this study, we identify PD genetic comorbidities such as Crohn's disease and schizophrenia. We also attempt to dissect the individual contributions of these associated loci in their contributions to PD risk. Additionally, we utilize expression and methylation data to infer functional genetic consequences in brain tissues associated with these genetic comorbidities.
RESULTS
We used a large sample series of .5000 PD cases and 9000 controls with genome-wide genotyping data (Table 1) . We defined a list of clinical factors that are potentially associated with PD risk or comorbidity. We then examined how SNPs associated with these clinical factors might be associated with PD itself using a measure of the cumulative effect of all SNPs related to that particular factor (Supplementary Material, Tables S1 and S2). We identified 18 clinical factors suggested by the literature and clinical observation to be possible factors associated with PD for which there were high-quality GWAS results in the NHGRI catalog (http://www.genome.gov/26525384, (1)). These include: serum amyloid, bipolar disorder, caffeine intake, Crohn's disease, hypertension, inflammation, serum iron, melanoma, obesity, PD, psoriasis, rheumatoid arthritis, schizophrenia, smoking, type 2 diabetes, ulcerative colitis and serum urate (2 -68) . As a note, PD was included as a positive control. For these phenotypes of interest, alleles associated with an increase in risk for binary phenotypes and/or alleles associated with increase in the level of continuous phenotypes were summed to create the genetic risk profiles.
Within each of the five IPDGC cohorts participating in this analysis, each risk profile comprising a number of SNPs was tested using logistic regression for an association with PD status, adjusting for sex, age at onset/exam and population substructure. Summary statistics from each cohort were combined through meta-analysis under random effects to account for possible heterogeneity (see Figure 1 and Table 2 ). This resulted in three genetic risk profiles being significantly associated with PD. These include profiles based on SNPs taken from studies of Crohn's disease, schizophrenia and PD. A single standard deviation increase in the genetic risk profile for PD, equivalent to roughly a 34% increase in the genetic burden associated with known PD risk alleles within a population, was associated with an odds ratio (OR) of 1.29 (95% confidence interval 1.22-1.38, P-value,2E216). Using the same burden scale, a single standard deviation increase from population means in the allelic burdens derived from Crohn's disease and schizophrenia risk profiles was significantly associated with PD status at an OR of 1.06 (95% confidence interval 1.02 -1.11, P-value 0.005) and 1.05 (95% confidence interval 1.01-1.10, P-value 0.012), respectively.
All 96 SNPs within these three risk profiles (Crohn's disease, PD and schizophrenia) were tested independently for association with PD using identical statistical models and meta-analytic methods as described for the analyses of risk profiles (Supplementary Material, Table S3 ). Two SNPs not previously known to be associated with PD passed Bonferroni correction for 99 tests. The first was rs11191580, a SNP in the NT5C2 gene known to be associated with schizophrenia. This SNP reached genome-wide significance in our testing (risk associated with reference allele T at OR 1.35, 95% confidence interval 1.21 -1.50, P-value 3.98E28, T frequency 91.2%). The region surrounding rs11191580 was suggested to be associated with PD initially in a previous publication by Simon-Sanchez et al. using a portion of the IPDGC data (42) . However, the association at this locus was never definitively replicated in a European ancestry population and was therefore not included in the PD genetic risk profiles we have constructed in this report (42) . The other SNP passing Bonferroni correction was rs11564258, a SNP near the LRRK2 risk locus from the Crohn's disease risk profile, at an OR of 0.69 associated with the G reference allele (95% confidence interval 0.58-0.83, P-value 5.49E25, G frequency 97.5%) showing possible LD with the LRRK2 PD risk locus (49).
To assess the independence of the risk profile associations outside of possible spatial overlaps with PD loci, risk profile score associations were recalculated adjusting for SNPs near PD risk loci as covariates. Keller et al.'s summary of PD loci was used, in addition to data mined from the GWAS catalog to further scrutinize putative PD loci (69) . To define SNPs used as covariates, they must be within 1 mb of a PD risk locus described in either the downloaded GWAS catalog, Keller et al. or Simon-Sanchez et al. (1, 42, 69) . When adjusting for SNPs near PD risk loci as covariates, the schizophrenia risk profile association was reevaluated adjusting for rs11191580 and rs7914558 in NT5C2 and rs3131296 near the HLA-DRA risk locus as additional covariates. The Crohn's disease risk profile association was adjusted for rs11564258 and rs11175593 near LRRK2, rs17309827 near HLA-DRA and rs1736135 near the suspected PD risk locus at USP25. After meta-analyzing the cohort-specific summary statistics adjusted for these SNPs, the association between the Crohn's disease's risk profile remained significantly associated with PD risk (OR 1.05, 95% confidence interval 1.01-1.09, P-value 0.03), while the schizophrenia association was completely attenuated (OR 0.99, 95% confidence interval 0.92-1.06, P-value 0.76). This suggests that there are additional genetic factors outside of known PD loci overlap that contribute to the genetic comorbidity shared by PD and Crohn's disease, while the genetic comorbidity shared by schizophrenia and PD may simply be due to possible overlapping loci, although the association at NT5C2 in PD remains to be definitively replicated.
Systematic review data were extracted for overlapping phenotypes from Noyce et al. (1) to evaluate how genetic risk may be reflected in epidemiological data (Table 3 ). Neither Crohn's disease or schizophrenia associations were significantly replicated in the epidemiological data, although the directionality of effect for psychosis aspects of schizophrenia and Crohn's disease mirror genetic risk estimates associated with PD. The directionality of effect in our study of genetic factors relating to PD comorbidity leads support to the effects described in the statistically significant epidemiologically evaluated comorbidities of smoking status, coffee drinking and hypertension as described in the systematic review.
Mining of brain tissue to infer possible biological functionality at loci associated with PD, Crohn's disease and schizophrenia, we examined regional methylation and expression data within +1 mb of SNPs of interest in a large series of neurologically normal frontal cortex and cerebellar tissues. While we identified a number of loci significantly associated with methylation and expression changes in the brain tissue samples, our primary interest was to focus on SNPs from overlapping regions identified as risk loci for PD and Crohn's or PD and schizophrenia (Table 4 ). SNPs in the HLA region used to construct the Parkinson's and schizophrenia profiles were significantly associated with changes in regional methylation status in both the frontal and cerebellar tissue samples, allowing us to infer functional consequence in brain tissues associated with these proximal risk SNPs. Alleles at this locus associated with risk of PD and schizophrenia were concurrently associated with decreased methylation in the frontal cortex (49). We also show that a Crohn's disease-associated SNP near the LRRK2 PD risk locus is also significantly associated with methylation changes in the frontal cortex. This suggests that genetic variants associated with Crohn's disease and schizophrenia (in addition to PD) may alter brain function to some degree.
DISCUSSION
In this study, we identified Crohn's disease and schizophrenia as genetic comorbidities of PD. The genetic risk profiles based on GWAS identified loci for these two diseases showed significant risk associated with PD. The genetic comborbidity associated with schizophrenia was almost entirely accounted for by SNPs in the PD associated loci near NT5C2 and HLA-DRA. On the other hand, Crohn's disease's risk profile and PD remained significantly associated even when adjusting for overlapping SNPs at loci near known PD risk loci USP25, HLA-DRA and LRRK2. This suggests that additional risk loci associated with Crohn's disease are also connected to PD risk, outside of those already near known PD loci. In the near future, deep sequencing of large population based studies should help clarify further genetic comorbidities and provide greater insight into the mechanisms of multiple related diseases.
There seems to be functional connectivity between these diseases based on our analyses of expression and methylation data. SNPs associated with both schizophrenia and Crohn's disease cause significant changes in proximal methylation and expression levels in the brain, allowing for the inference of functional changes occurring in the brain related to these genetic comorbidities. The associated changes in methylation and expression status surrounding these SNPs mirrors their genomic context in previous analyses related to PD (49, 70) . Future studies with single cell capture designs, deep sequencing and additional brain tissue regions sampled may better quantify possible functional genetic consequences in PD etiology.
We recognize that a lack of clinical data on many of the participants in the study pose problems. In particular, we are concerned about the issue of drug-induced parkinsonism in this study and in other GWAS of both schizophrenia and PD. There is a long history of drug-induced parkinsonism that is often acute in onset (76) , and misdiagnosis could affect the power and validity of our current study. However, as part of the Queen Square Brain Bank diagnostic criteria utilized to diagnose a majority of samples contributed to the IPDGC consortium effort, we believe that the possible effect of drug-induced PD is minimal, as a concurrent diagnosis of schizophrenia was an exclusionary criteria at study inception.
We recognize that there are some shortcomings in this analysis, first and foremost is the lack of available data relating to intermediate phenotypes in our PD consortium. The IPDGC datasets contain little to no information regarding the 18 intermediate exposures that would be necessary to conduct a true Mendelian randomization (7, (77) (78) (79) (80) . A previous study of PD risk focused on serum iron levels as the intermediate exposure has attempted to extrapolate risk estimates from non-overlapping populations and conduct an indirect Mendelian randomization based on summary statistics from disparate cohorts in a complex and wellconducted study, although this was logistically prohibitive in this survey of multiple outcomes due to data availability and standardization issues across intermediate exposures (81) . Due to logistic constraints, we opted to use this risk profiling method instead, which could be applied within our consortium. While this approach does not infer causality, it does elucidate comorbid factors, and the associations between intermediate factors are directly comparable using this method. In addition, this approach can successfully identify comorbid intermediate factors associated with PD, as this study has .95% power to detect an effect at the magnitude of the schizophrenia and Crohn's disease (particularly those with robust epidemiological associations such as smoking and caffeine intake) as the genetic contributions of known associated SNPs may be so small, and then further diluted in their biological relationship to PD risk, that these effects may be of virtually undetectable magnitude at this current period in genetic analyses.
MATERIALS AND METHODS

Data mining of PD-related traits from GWAS
The entire NHGRI GWAS catalog was downloaded on August 15, 2012. Phenotypes for each GWAS were indexed describing the diseases and quantitative traits associated with these studies. Based on a recently published systematic review of PD-related factors and consultation, we assembled a list of possible comorbidities of interest from the GWAS catalog using the disease/trait index (Supplementary Material, Table S1 ). From these indexed disease/trait descriptions, we extracted all keywords described in Supplementary Material, Table S1 by text mining to identify studies of relevant phenotypes for this analysis.
To extract relevant SNPs from only high-quality studies, a series of filters were used for SNP inclusion in the profiles based on data from the GWAS catalog. Minimum sample sizes for included GWAS SNPs had to be at least 1000 cases and 1000 controls for binary phenotypes in both discovery and replication analyses, and at least 1000 samples for continuous phenotypes. In addition, since all PD GWAS samples were of European ancestry, these sample size filters were based on European ancestry participants within the reported GWAS only. These SNPs must also have achieved a discovery P-value of ≤5E28 as reported in the GWAS catalog. The contributing GWAS study must also have made data available regarding allelic direction of effect for the most significant SNP per locus.
Once all high-quality studies and their reported SNPs were extracted, additional quality control was necessary prior to constructing phenotype-specific risk scores. For all GWAS SNPs associated with a specific phenotype of interest, duplicate SNPs were excluded, and SNPs within 250 kb of another SNP associated with the same phenotype were excluded if the r2 between the two SNPs was .0.5. For SNPs in linkage disequilibrium related to the same phenotype, the more significant SNP based on discovery phase P-value was kept for construction of the risk profile scores. r2 estimates of linkage disequilibrium were based on European ancestry samples from the most recent 1000 Genomes Project data freeze (Phase 1 alpha, version 3 available from (1)). In addition, all SNPs had to be successfully imputed in the IPDGC cohorts participating in this analysis, see below for details.
IPDG datasets
Genotyping data from five IPDGC cohorts with genome-wide genotyping were extracted for use in this study. These cohorts have been described in Table 1 , and in greater detail in previous publications (49, 70) . In brief, standard genome-wide association quality control was used including inclusion criteria such as: minimum 95% call rate per sample, Hardy -Weinberg equilibrium P-values .1E26, minor allele frequency .1%, missingness per SNP ,5%. Additional quality control parameters for GWAS samples included European ancestry consistent with HapMap3 samples based on multidimensional scaling, X chromosome heterogeneity reflecting self-reported gender per sample, and the exclusion of cryptically related samples at the first cousin level or closer relation. In addition, SNPs were removed for palindromic alleles (A/T or G/C combinations), differential missingness between cases and controls at P-value of ,1E24 and differential missingness by haplotype P-value of ,1E24. All quality control of raw genotype data was conducted using PLINK and R (6, R Development Core Team, R: A Language and Environment for Statistical Computing, R Foundation for Statistical Computing, Vienna, Austria, URL http://www. R-project.org, 2006) .
After quality control, all IPDGC datasets were imputed using the minimac implementation of the Markov Chain based haplotyper with reference haplotypes from the European ancestry samples available in the August 2010 release from the 1000 Genomes project (82) . After imputation, imputed dosages were filtered based on minimum imputation quality of 0.30 (RSQR metric from MACH) and a minor allele frequency of 1% for each cohort.
Risk profile construction
For each of the 18 phenotypes of interest with high-quality SNPs available, risk profiles were constructed. This was accomplished by summing all imputed allele dosages from extracted SNPs for each phenotype per cohort. The allelic dosages were quantified as 0 -2 dosages for each SNP relating to the specific allele that was associated in previous reports with either a risk increase for a disease phenotype or an increase in the level of a continuous phenotype. All risk profiles were relatively normally distributed and were then Z transformed so that effect estimates would be easily comparable. Z transformation was undertaken using the standard formula where individual profile scores were subtracted by the mean of the population for that score and then divided by their standard deviation.
Analyses of risk profiles
For each of the 18 profiles calculated within each of the contributing cohorts, logistic regression was used to generate summary statistics, using the profile scores as the independent variable and adjusting for age (at onset in cases and exam in controls), sex and principal components 1 and 2 derived from genotyped SNPs. The use of principal components based on an LD pruned SNP set in each cohort as a covariate allows for population substructure to be accounted for in the regression models. Summary statistics for each cohort were meta-analyzed to generate aggregate effect estimates for all profiles using random effects meta-analyses. For PD, schizophrenia and Crohn's disease related SNPs, single SNP analyses were also performed using identical statistical methods as for the risk profile-based analyses to facilitate an in-depth examination of the individual SNPs comprising these three scores.
Expression and methylation quantitative trait analyses
Data for this aspect of analyses were made possible through collaborative efforts of the North American and United Kingdom Brain Expression Consortia (83) (84) (85) . Frozen frontal cortex and cerebellar samples were obtained from .399 self-reported European ancestry samples without determinable neuropatholgical evidence of disease. Genomic DNA was extracted with phenol -chloroform. Bisulfite converted DNA and assayed at .27 000 sites on the Illumina Infinium HumanMethylation27 BeadChips. MRNA expression levels were assayed using Illumina HumanHT-12 v3 Expression Beadchips. In brief, individual probes were excluded from analyses if the P-value for detection was .0.01 or there was ,95% completeness of data per probe, and samples were excluded if ,95% of probes were detected. Probes were also removed if an analyzed SNP was within the probe or the probe mapped ambiguously to multiple locations in the genome. Expression data were cubic spline normalized and log 2-transformed prior to analyses.
Each tissue sample was genotyped using the Illumina Human-Hap550 v3, Human610-Quad v1 or Human660W-Quad v1 Infinium Beadchips, shared SNPs were extracted prior to QC and imputation. Standard GWAS quality control was undertaken with inclusion criteria such as: minimum call rate 95% for both participants and SNPs, minor allele frequency (MAF) . 0.01, HWE . 1E27, no first-degree relatives in the sample collection (identity by descent score ,0.125 in PLINK) and European ancestry confirmed by multidimensional scaling analyses.
Data were imputed using MiniMac (http://genome.sph.umich. edu/wiki/Minimac) to the most recent data freeze of 1000 Genomes haplotypes (http://www.sph.umich.edu/csg/abecasis/MaCH/ download/1000G.2012-03-14.html) using default settings. All imputed SNPs were filtered for a minimum imputation quality of 0.30. After quality control, data were available for .10 million SNPs, with expression data on 399 samples (9814 probes from the frontal cortex and 9587 probes in cerebellum) and methylation data on 292 samples (27465 CpG sites in the frontal cortex tissue samples and 27419 CpG sites in the cerebellum).
Linear regression models were utilized to estimate associations between allele dosages of per SNP and gene expression or methylation levels adjusted for covariates of gender, age at death, the first two component vectors from multidimensional scaling, postmortem interval, brain bank and batch in which preparation or hybridization were performed, using MACH2QTLv1.11 (http:// www.sph.umich.edu/csg/abecasis/MaCH/download/). Analyses were carried out separately for each brain region and each array type. Only probes within +1 mb of SNPs of interest in this study were analyzed to test only cis associations. From these analysis results, data were mined for SNPs comprising the Crohn's disease, PD and schizophrenia risk profiles. Multiple test correction was based on simple Bonferroni correction stratified by brain region and assay type.
Systematic review of epidemiological data
Validation of the findings of associations of a genetic profile PD with genetic risk profiles for other conditions or behaviors was sought by comparison with published data from epidemiological studies on their clinical associations. A recent systematic review and meta-analysis reported the combined results from case-control and cohort studies on association of PD with preceding smoking, coffee drinking, hypertension, diabetes, raised serum urate and obesity. For full details of the search strategy, inclusion and exclusion criteria and analysis of data see Noyce et al. (1) . A separate meta-analysis on association of PD with preceding as well as existing diagnosis of melanoma (86) included publications until June 2010 and no further relevant papers were published from October 2010 to March 2011; and a another meta-analysis on association of existing PD with iron levels included publications until 2011 (87) . For the other factors that had not fulfilled inclusion criteria in these meta-analyses, individual publications that reported case-control or cohort studies in the general PD population up to March 31, 2011 were identified. From these publications, the number of studies, number of cases and controls, OR with 95% confidence intervals, standard errors, I 2 statistic, and P-values for risk and heterogeneity (in the meta-analyses) were extracted or calculated.
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